Objective-We sought to determine the genetic factors contributing to atherosclerotic plaque size and cellular composition in the innominate artery, a murine model of advanced atherosclerosis. Methods and Results-We examined genetic contributions to innominate atherosclerotic plaque size and cellular composition in an intercross between C57BL/6J.Apoe Ϫ/Ϫ , a strain susceptible to aortic lesions, and C3H/HeJ.Apoe Ϫ/Ϫ , a strain resistant to aortic lesions. Surprisingly, total innominate lesion size was similar in the two strains. Genetic analyses identified one novel locus on Chromosome 2 for innominate artery lesion size, a significant locus for fibrous cap thickness on Chromosome 15, and several suggestive loci for cellular composition, all distinct from loci influencing aortic lesions. The Chromosome 2 locus contains a candidate, CD44. We show that CD44 is expressed in the innominate artery and differs strikingly in expression between the parental strains. 
A therosclerosis, the underlying pathological condition leading to most forms of cardiovascular disease, results from a complex interaction between genetic and environmental factors. The use of inbred strains to dissect the genetic factors contributing to atherosclerosis has yielded more than 30 loci contributing to atherosclerotic plaque burden (mouse genome informatics, http://www.informatics.jax.org/searches/ allele_form.shtml). These studies have primarily focused on lesion development in the aortic sinus. [1] [2] [3] [4] [5] [6] [7] [8] Several studies have also shown that aneurysms, calcification, and chondroplastic metaplasia in the aortic sinus are genetically regulated. 9, 10 Recently we have mapped the loci contributing to atherosclerosis in a cross between C3H/HeJ.Apoe Ϫ/Ϫ (C3H.Apoe
Ϫ/Ϫ
). C57BL/6J. Apoe Ϫ/Ϫ (B6.Apoe Ϫ/Ϫ ) mice on high-fat 11 and normal chow diets. 12 An alternative site to model atherosclerosis in mice, the innominate or brachiocephalic artery, was initially described by Rosenfeld et al. 13 Advanced lesions in the innominate artery, referred to henceforth as IA, have several morphological characteristics that are similar to human lesions, including: intraplaque hemorrhage, acellularity, thin fibrous caps, lateral xanthomas, large necrotic cores, and calcification. To date there have been no studies that have investigated the genetic loci contributing to IA lesion size or plaque characteristics.
We now report the identification of loci contributing to IA lesion size and cellular composition, using an F2 intercross between C3H.Apoe Ϫ/Ϫ and B6.Apoe Ϫ/Ϫ strains fed a "Western" high-fat diet. Several clinically important traits were found to segregate and, surprisingly, the loci influencing the IA lesion size differed strikingly from those for the aortic sinus.
Methods

Breeding, Diets, and Assays
B6.Apoe
Ϫ/Ϫ mice were purchased from The Jackson Laboratory (Bar Harbor, Maine) and C3H.Apoe Ϫ/Ϫ mice were bred by backcrossing B6.Apoe Ϫ/Ϫ to C3H/HeJ for 10 generations. F2 mice (BxH Apoe Ϫ/Ϫ ) were generated by crossing B6.Apoe Ϫ/Ϫ with C3H.Apoe
and subsequently intercrossing the F1 mice as described. 12 The mice were fed Purina Chow containing 4% fat until 8 weeks of age, and then placed on a Western diet (Teklad 88137) containing 42% fat and 0.15% cholesterol for 16 weeks until euthanasia at 24 weeks of age. Mice were fasted for 4 hours before collection of blood. Plasma triglycerides, total cholesterol, unesterified cholesterol, HDL cholesterol, LDL/VLDL cholesterol, glucose, and free fatty acids were measured as previously described. 14 
Histology
The entire IA from 86 F2 mice and 19 parental mice was dissected, embedded in OCT, and serially sectioned (10 m). Every other section was collected, and every third section was stained with Movat's Pentachrome stain. 15 The average lesion area, necrotic core area, and maximal fibrous cap thickness were quantitated throughout the IA using an ocular with an m 2 grid. Plaque composition and stability were evaluated by assessing the frequency of the following features: medial erosion (defined as the replacement of the normal media by plaque components), foam cells, buried fibrous caps, chondrocyte-like cells, and lateral xanthomas (defined as the presence of aggregates of macrophage-derived foam cells situated on the lateral margins of the plaques). These were recorded as binary outcomes, and the frequency for each animal was determined. The results were assessed by two independent investigators (B.J.B. and X.W.) and averaged. Detailed methods for CD44 immunochemistry are supplied in the supplemental methods.
Linkage Analysis and Expression Array Profiling
A genetic map with markers about 1.5 cM apart was constructed using SNP markers as described. 11 Quantitative trait locus (QTL) analysis was performed using R/qtl package, 16 using single marker linear regression to model QTL effects. The following traits were bimodal and were modeled using the 2-part QTL model: lateral xanthomas, chondrocyte-like cells, buried fibrous caps, and thickness of the fibrous cap. 17 Significant QTLs were determined at a genome-wide probability value of Ͻ0.05, and suggestive QTLs were determined at a probability value Ͻ0.63. The latter corresponds to one false-positive per genome scan. 18 The LOD scores corresponding to significant and suggestive QTLs were determined by permuting the data 1000 times. 19 The 95% confidence interval for QTL was determined using the 1.5 LOD drop.
RNA was isolated from tissues of the F2 mice using Trizol and microarray analysis was performed on the RNA using 60mer oligonucleotide chips (Agilent Technologies) as previously described. 11 Expression data can be obtained from GEO databases for liver (GSE2814). Expression data in the form of mean log ratios (mlratios) were treated as a quantitative trait in eQTL analysis as previously reported. 11
Results
We extensively characterized the IA lesions, including lesion size, necrotic core size, thickness of fibrous caps, number of buried fibrous caps, chondrocyte-like cells, lateral xanthomas, and medial disruption in C3H.Apoe Ϫ/Ϫ , B6.Apoe Ϫ/Ϫ , and F2 intercross mice. Representative lesions are shown in Figure 1 . Summary data for male and female parental strains and F2 mice are summarized in Table 1 .
Lack of Association of IA Plaque Size With Sex or Plasma Lipids
Males and females exhibited significant differences in almost all clinical traits related to atherosclerosis including body weight, total cholesterol, HDL cholesterol, and triglycerides, (supplemental Table I , available online at http://atvb.ahajournals. org), and we previously reported marked sex differences in atherosclerosis at the aortic sinus. 11 However, there were no sex differences in the IA lesion size or cellular composition (Table 1) . Although sex differences were not seen in the parental strains they may exist for an individual locus and thus we examined the effect of sex using an additive and an interactive model. However, we did not observe significant effect sex on the IA plaque traits (data not shown) and thus we report here unadjusted LOD scores.
There were no significant correlations between IA atherosclerosis and several risk factors for atherosclerosis, including body weight, adiposity and plasma lipoproteins, and IA plaque size (supplemental Table I ). In general the extent of atherosclerosis at the IA and the aorta were concordant as demonstrated by the strong correlations between IA lesion size, plaque cellular composition, and aortic lesion size (supplemental Table II ).
Genetic Determinants of Lesion Size and Plaque Composition for Advanced Lesions in the IA
Notably, we identified a significant QTL contributing to IA lesion size on Chromosome 2 at about 53.5 cM (Figure 2a) . Unexpectedly, the susceptible allele is from C3H rather than B6 (Figure 2c ). Additionally we observed suggestive QTLs contributing to lesion size on Chromosomes 9, 13, and 15 (Table 2) .
Lesions in the innominate artery develop several characteristics similar to human atherosclerotic plaques, providing an opportunity to examine the genetics of atherosclerotic plaque composition. These include features of advanced atherosclerotic plaques such as chondrocyte-like cells, lateral xanthomas, buried caps, and thickness of the fibrous cap. These traits are nonnormally distributed and thus we use a 2-part QTL model. 17 Examples of lesions and their cellular composition as assessed by Movat Pentachrome stain are shown in Figure 1 .
QTL analysis identified a significant locus on Chromosome 15 and 3 suggestive loci on Chromosomes 5, 8, and 18, contributing to fibrous cap thickness (Figure 3 ). Three suggestive loci for the genetic regulation of buried fibrous caps were identified on Chromosome 11 (Pϭ0.052) and Chromosomes 2 and 4 ( Table 2 ). Suggestive loci for necrotic core size, chondrocytes, lateral xanthomas, and medial disruption are shown in supplemental Figure I through V and in Table 2 .
Positional Candidate Genes
The 95% confidence interval for IA lesion size spans approximately 14 megabase and contains approximately 360 genes, whereas the locus for atherosclerotic cap thickness spans 9 megabase and contains approximately 40 genes. Both loci contain candidates based on the literature. For example, the Chromosome 2 locus contains proliferating nuclear cell antigen, associated with unstable plaques in humans, 20 and histidine decarboxylase and beta 2 microglobin, both associated with atherosclerosis. 21, 22 We first identified genes that are in regions nonidentical by descent between the 2 strains by querying the SNP genotyping available at the mouse hapmap project (http://mouse. perlegen.com/mouse/mousehap.html). Genes in regions identical by descent are unlikely to contain the causal gene(s) underlying the QTL because such regions have little genetic variation. As shown in Figure 2b , the lesion locus contains multiple regions, containing 327 genes, that are nonidentical by descent between the 2 strains. However, the Chromosome 15 locus for fibrous cap thickness locus was identical by descent between the 2 strains (Figure 3b) .
Another approach to narrow the list of candidate genes at a locus is to use transcript levels as an intermediate molecular phenotype. We first identified genes whose expression is correlated with the phenotype of interest, nominal probability value Ͻ0.05. And second, we identified genes at the loci whose expression was regulated by proximal, presumably cis-acting, elements. These genes are listed in supplemental  Tables III and IV. These approaches allowed us to refine our candidate list for IA lesion size. Within the chromosome 2 locus, there are 67 genes with local expression QTLs (eQTLs) in liver, including the previously mentioned genes, B2m, Pcna, Hdc, and Cd44. Of these CD44 is of particular interest because it was regulated by the Chr. 2 locus and its expression was significantly correlated with lesion size. CD44 is expressed by immune and vessel wall cells, binds extracellular matrix components including osteopontin and hyaluronan, and is an important mediator of cell adhesion, motility, and macrophage activation. 23 Multiple studies have identified CD44 as proatherogenic as CD44 accumulates in rupture-prone regions in human atherosclerotic lesions 24 and double knockout CD44 Ϫ/Ϫ /Apoe Ϫ/Ϫ have decreased atherosclerosis. 25 We confirm the expression of CD44 within IA plaques using immunochemistry and also observe strain specific expression of CD44 within atherosclerotic plaques. There is a 75% increase in the percent of lesion staining positive for CD44 in C3H.Apoe Ϫ/Ϫ mice compared B6.Apoe Ϫ/Ϫ mice ( Figure 4 ). This difference reached statistical significance using a MannWhitney test (Pϭ0.02).
No cis-eQTL for the fibrous cap thickness phenotype on Chr. 15 were observed, an expected finding given that C3H and B6 are identical by descent at the locus.
Discussion
Studies of atherosclerosis in mice have primarily focused on the aortic sinus and more recently the entire aorta as anatomic sites to study. We, among others, have characterized C3H mice as resistant to atherosclerosis based on our analysis of aortic root sections. Recently, we reported several loci contributing to atherosclerotic burden in the proximal aorta in a genetic cross of B6.Apoe Ϫ/Ϫ and C3H.Apoe Ϫ/Ϫ mice. In every case, except for the Ath33 locus, the B6 allele was associated with increased susceptibility. In the current study we have analyzed the atherosclerotic burden and morphological characteristics of advanced plaques in the IA from the cross of B6.Apoe Ϫ/Ϫ and C3H.Apoe Ϫ/Ϫ fed a high-fat diet. Several significant findings have emerged. First, we have demonstrated that lesion size and cellular composition of the innominate artery are under genetic regulation. Second, we have identified a novel locus contributing to IA lesion size that did not significantly impact aortic lesion size. Third, we have used transcriptional profiling to prioritize candidate genes under the QTL peak. Each point is discussed below.
Surprisingly, plaque burden in the IA of C3H.Apoe Ϫ/Ϫ mice was similar to that of B6.Apoe Ϫ/Ϫ mice. Similarly, Maeda et al 26 previously observed that Apoe Ϫ/Ϫ mice on a 129 background had smaller lesions in the aortic sinus but larger lesions in the aortic arch and the IA as compared to B6.Apoe Ϫ/Ϫ mice. Using candidate gene approaches several groups have shown site-specific effects on atherosclerosis. 27 For example, Reardon and colleagues 28 found that deficiency Marker indicates marker under max LOD score; cM, location of marker; LOD, peak LOD score, P value, Significance, Significant PϽ0.05 determined by permutation testing, Suggestive PϽ0.63 determined by permutation testing.
of mature T and B cells, using RAG Ϫ/Ϫ /Apoe Ϫ/Ϫ mice, reduced lesion size at the aortic sinus but not the IA. Subsequently, similar results were observed for RAG Ϫ/Ϫ / LDLR Ϫ/Ϫ mice. 29 Atherosclerosis has long been known to be a site-specific disease, 30 and there have been disparate results between studies comparing atherosclerosis at the IA and aortic sinus. 27 ,31,32 Flow differences may mediate, in part, the site specificity of atherosclerosis. Analysis of lesion size in the F2 population identified one novel significant QTL for IA lesion size on Chr. 2 and replicated several QTLs previously identified for lesions in the proximal aorta. Additionally, Li et al reported a novel QTL for left common carotid lesion area on Chr. 12 in a different cross between B6.Apoe Ϫ/Ϫ and C3H.Apoe Ϫ/Ϫ mice, 33 indicating that there are different genes contributing to atherosclerotic burden in different vascular beds. The identification of a unique QTL for the IA in the present study indicates that the differences observed in previous studies between the aortic sinus and innominate artery may reflect both genetic and flow mediated differences between the two anatomic sites.
Using the same scoring criteria as Rosenfeld et al, 13 we assessed the lesions for several compositional characteristics: chondrocyte-like cells, lateral xanthomas, necrotic core size, thickness of the fibrous cap, and buried fibrous caps. Previous reports indicate that both statins and OPG inactivation can significantly alter IA cellular composition. 34, 35 We now demonstrate that common genetic variation can dramatically affect both these lesion phenotypes and overall lesion size. We were able to detect one significant QTL for fibrous cap thickness and several suggestive QTLs for each of these phenotypes. This represents the first conclusive evidence for a genetic contribution to these traits.
To identify novel candidates in the chromosome 2 locus we used an integrative expression analysis 36 where we both identified cis-eQTL and genes whose expression was correlated with lesion size. Interestingly, the most correlated gene with IA lesion size was CD44, which also had a significant liver cis-eQTL. Previous reports have clearly implicated CD44 in the atherosclerosis. 25 Subsequent studies have shown that CD44 expression, in mice, varies between vascular sites and is highest in lesion prone sites. 37 Our own integrative genomics approach and the literature implicate CD44 as a strong candidate gene for follow-up. To better characterize CD44 as a positional candidate for this locus, we examined its expression in IA atherosclerotic lesions from C3H.Apoe Ϫ/Ϫ and B6.Apoe Ϫ/Ϫ mice. We observed that CD44 expression was significantly greater in C3H.Apoe Ϫ/Ϫ atherosclerotic lesions than B6.Apoe Ϫ/Ϫ lesions, further strengthening CD44 as a positional candidate for the Chr. 2 IA lesion size locus. However, several other genes have cis-eQTL at the locus and are significantly correlated with IA lesion size, and thus the evidence for CD44 is only suggestive.
Identifying the genetic regulation of fibrous cap thickness is significant because thinning or loss of fibrous cap thickness is thought to be one characteristic of vulnerable plaque. 38 We failed to identify eQTLs within the 95% CI of this QTL, but this locus contains several genes already associated with various aspects of coronary artery disease. One interesting gene is Tnfrsf11b, which encodes a protein called osteoprotegerin (Opg). Human studies have shown correlation between plasma OPG levels and the severity and extent of CHD 39 and heart failure, 40 and polymorphisms in the human OPG gene are associated with increased carotid intimal thickness. 41 Another potential candidate gene is hyaluronan synthase, Has2. Hyaluronic acid is a component of matrix of atherosclerotic lesions and overexpression of human Has2 increases atherosclerotic burden in Apoe Ϫ/Ϫ mice. 42 We identified one near-significant locus contributing to the presence of buried fibrous caps. This particular phenotype has been used as a marker of previous plaque rupture, 43 but its use remains controversial. 44 Regardless, identifying QTLs for this morphological characteristic further suggests that plaque stability and perhaps susceptibility to rupture is under genetic control. One interesting gene under the clinical QTL whose expression is also under genetic regulation is the smooth muscle development gene Meox1 with a cis-eQTL LOD score of 65.3. 45 In summary, we have demonstrated that both innominate artery lesion size and cellular composition are genetically regulated. The locus for IA lesion size was not detected in the aortic sinus, indicating a difference in the genetics of atherosclerosis in the innominate artery. We also mapped several lesion phenotypes associated with advanced atherosclerosis and found one significant locus for fibrous cap thickness and several suggestive QTLs for other lesion phenotypes. Global gene expression analysis helped identify several strong candidate genes for these QTLs. In particular, hepatic CD44 expression was genetically regulated and correlated with IA lesion size. Further, studies to clarify the basis of the site-specific nature of atherosclerosis in mouse models, and the relevance to human disease, are warranted. The fact that clear clinical phenotypes regulating lesion composition segregate in mouse crosses raises the possibility of their genetic dissection.
